Sunlight readability is a critical requirement for display devices, especially for mobile displays. Anti-reflection (AR) films can greatly improve sunlight readability by reducing the surface reflection. In this work, we demonstrate a broadband moth-eye-like AR surface on a flexible substrate, intended for flexible display applications. The motheye-like nanostructure was fabricated by an imprinting process onto a flexible substrate with a thin hard-coating film. The proposed nanostructure exhibits excellent AR with luminous reflectance <0.23% and haze below 1% with indistinguishable image quality deterioration. A rigorous numerical model is developed to simulate and optimize the optical behaviors. Excellent agreement between the experiment and simulation is obtained. Meanwhile, the nanostructure shows robust mechanical characteristics (pencil hardness >3 H), which is favorable for touch panels. A small bending radius (8 mm) was also demonstrated, which makes the proposed nanostructure applicable for flexible displays. Additionally, a fluoroalkyl coating was applied onto the moth-eye-like surface to improve the hydrophobicity (with a water contact angle >100°). Such a self-cleaning feature helps protect touch panels from dust and fingerprints. The proposed moth-eye-like AR film is expected to find widespread applications for sunlight readable flexible and curved displays.
INTRODUCTION
Sunlight readability is an important issue for mobile displays, whether it is a liquid crystal display (LCD) [1, 2] or an organic light-emitting diode (OLED) display [3] [4] [5] . Mobile display devices are often used in outdoor environments, where strong sunlight reflected by the bare substrate surface would badly wash out the displayed images. To quantitatively evaluate the sunlight readability, the following ambient contrast ratio (ACR) has been commonly used [6, 7] :
where L on and L off are the luminance values of the on-state and offstate of a display, respectively, and L ambient is the ambient luminance. R L is the luminous reflectance of the display, defined by [5, 7] R L R λ 2
where V λ is the spectral eye sensitivity defined by the CIE standard [8] , Rλ is the reflectance of the display device, and Sλ is the spectrum of the ambient light (CIE standard D65 source is used in this work). According to Eq. (1), the ACR decreases sharply as the ambient luminance increases. At the interface between the cover glass (refractive index ∼1.5) and air, the Fresnel reflection is ∼4%. Let us assume the display luminance is ∼200 nits, under strong ambient conditions, e.g., brightness ∼10 4 nits for a typical sunny day; then, the calculated ACR is only ∼1.5. That is to say, the displayed image is totally washed out. To improve sunlight readability, a straightforward method is to boost the display luminance. A major tradeoff is increased power consumption. Another, more promising method is to reduce the surface reflection by laminating an anti-reflection (AR) and antiglare (AG) film on the display surface [9] [10] [11] [12] [13] . Indeed, the surface reflection can be reduced by the destructive interference through multilayer thin film coatings [10, 11] . However, the reflection of such a multilayered structure is strongly dependent on the wavelength and incident angle of ambient light. Alternatively, bio-inspired moth-eye nanostructures exhibit excellent AR performance, with exceptional broadband wide-angle low reflectivity [12] [13] [14] [15] . The moth-eye-like nanostructures have been utilized to enhance the photo-conversion efficiency of solar cells [16] [17] [18] and to improve the sunlight readability of displays [13] .
In this paper, we fabricated an AR moth-eye-like structure on a hard-coating thin film spun on a flexible polyethylene terephthalate (PET) and triacetyl cellulose (TAC) substrate for high-ACR flexible display applications. The moth-eye-like nanostructure exhibits an excellent AR property, with luminous reflectance <0.23%. To understand the underlying physical mechanisms, we established a numerical model based on the finite element method (FEM) to fit the experimental data. Additionally, the haze of such nanostructured film was controlled under 1.5% in the visible region. To quantitatively estimate the image quality degradation, we took the Lena image on the same display with and without the nanostructure film attached and then calculated the universal image quality index. The results indicate that the image quality remains excellent, with an image quality index of 97%. For an interactive mobile display, a touch panel is usually embedded on the display. Therefore, a robust and self-cleaning outer surface of the touch panel is highly favorable. So, we adopted the hard-coating thin film for hardness enhancement. Generally speaking, a nanostructure is beneficial for improving the hydrophobicity. In our experiments, we employed the fluoroalkyl coating to further increase the self-cleaning characteristics. Our proposed nanostructure was fabricated by a self-assembling and imprinting process without further wet or dry etching. Hence, it has great potential for large-area and low-cost fabrication. Figure 1 depicts the process flow of the moth-eye-like nanostructure fabrication. The first step was the oxygen plasma treatment on the glass substrate to get a hydrophilic surface. The SiO 2 spherical nanoparticles, with a diameter of ∼100 nm, were dispersed in an aqueous solution and then spun on the pre-treated glass substrate to form a close-packed monolayer. The nanoparticle concentration was diluted to 8 wt. % for the spin-coating process. The nanoparticle spin coating was performed with spin speeds between 5000 ∼ 6000 rpm for 30 s. The process is quite reproducible with the spin-coating condition provided above [19] . Later, a close-packed nanoparticle monolayer was used as an imprinting template to transfer the nanostructure pattern to the hard-coating layer. The surface morphology of the template was characterized by scanning electron microscopy (SEM), and the microscopy image is shown in Fig. 2(a) . From the SEM images, the particle diameter was measured to be 95.90 nm with a standard deviation of 5.88 nm, and the inter-particle distance was 12.49 nm 1.95 nm. Actually, such a nanoparticle monolayer can also exhibit an AR property [20] [21] [22] [23] [24] . In our experiment, we used it as an imprinting template to obtain a concave structure. For alleviating the sticking problem between the SiO 2 nanoparticle and the hard-coating layer, CF 4 plasma treatment was employed to fluorinate the surface of the SiO 2 nanoparticles before the imprinting process. When the imprinting template was ready, we taped the flexible PET/TAC film on the other glass substrate for mechanical support. A UV-curable hard-coating material was spun on the PET/TAC film with a thickness of ∼20 μm. The hard-coating material consists of liquid rubber, acrylate monomer, ethyl acetate, and a photo initiator, provided by Pro-Magic Corporation. Then, the PET/TAC film with the hard coating was contacted on the nanoparticle template with a compressive force of ∼2204 gw∕cm 2 . After imprinting, the hard coating was solidified by UV curing (52 mW∕cm 2 at 365 nm) for 10 min. The concave moth-eye-like structure appeared after the de-molding process, as shown in Fig. 2 
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We can see that there are still some nanoparticle residues on the hard-coating film, which can be etched off by an HF dipping process. Finally, the imprinted concave moth-eye-like structure was obtained.
Figures 2(c) and 2(d) show the top-view and side-view SEM images of the fabricated moth-eye-like structure on the hardcoating film. The fabricated concave nanostructured surface shows good large-area homogeneity. From the side-view image, more than half of the nanoscale sphere was pushed inside the hard-coating film during the nano-imprint process. Actually, the imprinting depth can be roughly estimated to be ∼93 nm from the above SEM images. That led to nanosphere residue in the hard-coating film during the de-molding process. In order to enhance the self-cleaning behavior of the fabricated nanostructure, the surface of the moth-eye-like structure was fluorinated by thermally cured amphiphilic molecules (PMG-3199, produced by ProMagic Tech. Corp). The nanostructured surface was first Research Article treated by UV ozone to obtain hydrophilicity, followed by spin coating solutions containing amphiphilic fluoroalkyl-based molecules. After the removal of the solvent, the fluoro side was attached to the nanostructured surface, and the alkyl side provided a hydrophobic surface with great self-cleaning characteristics.
OPTICAL CHARACTERIZATION
In the optical characterization, we used a spectrophotometer (Hitachi U4100) to measure the spectra of the integrated transmittance, scattered transmittance, and reflectance of the fabricated nanostructure. By following the regulation of Japanese Industrial Standard (JIS) K7105, the haze spectra can be calculated from the integrated and scattered transmittance. The reflectance spectra of the moth-eye-like surface were measured by attaching the film to a calibrated black background.
As we discussed above, the template with the nanoparticle monolayer is also expected to have the AR characteristic. We first measured the optical behaviors of the template. Figure 3 shows the transmittance [ Fig. 3(a) ], reflectance [ Fig. 3(b) ], and haze [ Fig. 3(c) ] spectra of a planar glass substrate and the nanosphere-coated glass template. The maximum transmittance of the planar glass substrate reaches about 91.9% at 518 nm, according to Fig. 3(a) . The interface between the air and the glass substrate (refractive index ∼1.5) would result in ∼4% reflection, which is consistent with the experimental result shown in Fig. 3(b) . With the help of the nanosphere monolayer, the reflectance is obviously reduced, with a reflectance below 0.1% from 480 to 530 nm, which echoes the transmittance spectra in Fig. 3(a) . Such a nanoparticle layer also leads to a slight increase in the haze spectra (1.09% at 400 nm). The nanosphere-coated surface can provide excellent optical behaviors, but it usually suffers from low scratch resistance. Hence, we only use it as a template to obtain a robust AR film in our experiment.
Figures 3(d)-3(f ) indicate the optical characteristics (transmittance, reflectance, and haze, respectively) of the PET substrate, planar hard-coating film on the PET substrate, and nanostructured hard-coating film on the PET substrate. The PET substrate we used in experiment was sandwiched by thin surface protection coatings. When the hard-coating material was coated above the surface coating on the PET substrate, the reflectance increases [ Fig. 3(e) ] due to the refractive index mismatch between the PET (∼1.64), surface coating (∼1.50), and the hard-coating (∼1.48) layers. Figure 3(e) clearly illustrates that the moth-eyelike nanostructure helps reduce the reflectance. The minimum reflectance reaches ∼0.50% at 515 nm, while the maximum transmittance increases to 96% at 503 nm correspondingly. The luminous reflectance was also calculated, according to Eq. (2), and the results are listed in Table 1 . At the same time, the haze of moth-eye-like structure increases, as expected, but it still is lower than 1.3% from 400 to 750 nm. For the moth-eyelike nanostructure on the flexible TAC film [Figs. 3(g)-3(i)], an even better AR performance is observed. Less than 0.1% reflectance is obtained for wavelengths around 500 nm [ Fig. 3(h) ]. The luminous reflectance of the moth-eye-like structure on the TAC was 0.23%. The transmittance was improved to 95.4% [ Fig. 3(g) ], and the haze stayed lower than 1.5% in the visible region [ Fig. 3(i) ]. Figure 4 shows the pictures of three TAC films attached to a black background under the same white-light illumination. The bright spots are the images of the reflected light source. The reflections from the TAC substrate [ Fig. 4(a) ] and the planar Fig. 3 . Optical characterization results of the template and moth-eye-like nanostructures. Template: (a) transmittance, (b) reflection, and (c) haze spectra of glass substrate with and without SiO 2 nanosphere coating. Moth-eye-like structure on PET: (d) transmittance, (e) reflection, and (f ) haze spectra of PET substrate, planar hard-coating film on PET substrate, and hard-coating film with moth-eye-like structure on PET substrate. Moth-eye-like structure on TAC: (g) transmittance, (h) reflection, and (i) haze spectra of TAC substrate, planar hard-coating film on TAC substrate, and hard-coating film with moth-eye-like structure on TAC substrate. (NP, nanoparticle; HC, hard coating; and ME, moth eye).
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hard-coating film on the TAC substrate [ Fig. 4(b) ] are quite similar. For the moth-eye-like structure [ Fig. 4(c) ], the reflected intensity decreases, and the color becomes light magenta (because the reflection minimum is around 500 nm in the bluish-green region).
As shown in Fig. 3 and Table 1 , the incorporation of the nanostructure inevitably leads to increased haze, which is also a drawback of the AG film. The image quality would also be deteriorated due to the haze. We can evaluate the image quality by the universal image quality index (Q), defined as [25] 
First, we should display the same image using the same display device, with and without the moth-eye-like nanostructured film. Then, the two images are captured by a camera, and the grayscale values of each pixel are extracted for the image quality calculation. In Eq. (3), x fx i ji 1; 2; …; N g and y fy i ji 1; 2; …; N g represent the grayscale values of each pixel of the original and test images.x andȳ are the averages, σ x and σ y are the standard deviations, and σ xy is the covariance of x and y. The first, second, and third terms in Eq. (3) describe the correlation, luminance difference, and contrast distortion of the two images, respectively. We laminated the nanostructured hard-coating TAC film onto the Lena picture. Figure 5 shows the camera-captured images. There is almost no image blur with the moth-eye-like film attached, even when the camera was zoomed in to a small part of the display. The calculated universal image quality indexes Q 0.9703 for the moth-eye-like PET film and 0.9694 for the moth-eye-like TAC film, which are indistinguishable to the human eye.
OPTICAL SIMULATION
To understand the underlying mechanisms, we developed a numerical model to simulate the optical performance of the moth-eye-like nanostructured surface. The simulation model is based on FEM in the frequency domain with periodic boundary conditions. A schematic illustration of the simulated structure, including the nanostructured surface and coating layers, is shown in Fig. 6 . The electromagnetic wave propagating through the moth-eye-like nanostructured surface needs to be simulated by FDTD or the FEM method [26] [27] [28] . As Fig. 6 indicates, the wave front after passing the nanostructure is still planar, which means the moth-eye-like surface can be treated as a planar surface in the later reflectance calculation. Next, the reflectance of nanostructured surface needs to be integrated into the multilayer structure reflectance calculation, as shown in Fig. 6 . For the hard-coating and substrate layers, the thickness is much larger than the wavelength, which should be dealt with by the analytical wave propagation theory [29] .
In our simulations, the refractive index is ∼1.64 for PET, ∼1.45 for TAC, and ∼1.48 for the hard-coating film. The optical behaviors of the nanoparticle monolayer on the template, concave moth-eye-like surfaces on PET and TAC are simulated with the structure parameters obtained from the above SEM images. Figure 7 compares the experimental and simulated results for the reflectance of the concave moth-eye-like structures. Excellent agreement between the measurement and simulation is obtained. The moth-eye-like nanostructured hard coating on the PET film shows higher reflectance than the others, due to the index mismatch of the hard-coating and PET layers.
After having validated the numerical model, we are able to investigate the reflectance dependence on the structure parameters, for instance, the imprinting depth and particle diameter. Figure 8 depicts the simulated results of the moth-eye-like nanostructures with different parameters. For instance, Fig. 8(a) illustrates that the reflectance decreases as the imprinting depth increases. As for the diameter, the reflectance spectra indicate that the optimal Table 1 . Measured Transmittance (T ), Reflection (R) and Haze (H) of the Films Research Article nanoparticle diameter should be around 100 nm (green line), according to Fig. 8(b) . Our model successfully explains the experimental results. It has been used to optimize the structure parameters for better optical performance.
MECHANICAL AND SURFACE CHARACTERIZATIONS
In addition to the optical performance, the mechanical properties of nanostructures are also very important [30] and need to be characterized. For a touch-panel interactive mobile device, high hardness of the touch surface is an important requirement. Table 2 lists the mechanical characteristics, including the hardness and bending radius, for the TAC substrate, planar hard-coating film on the TAC substrate, and nanostructured hard-coating film on the TAC substrate. A pencil hardness measurement was performed with a load of 500 g by a Mitsubishi pencil. After the pencil scraping, the sample was examined under the microscope according to the regulation of JIS K5600-5-4. The flexible TAC film is a soft material and is easily scratched with pencil hardnesses <6B. The hard-coating film helps to protect the surface, whose hardness can reach as high as 6 H. With the moth-eye-like nanostructure fabricated on the hard-coating film, the surface hardness decreases to 3 H.
Flexibility is a critical requirement for flexible displays. Our nanostructured surface exhibits a good flexibility as well. As shown in Table 2 , those films passed the bending test with an 8-mm-diameter cylinder. In the flexibility test, we followed the procedures in JIS5600-5-1 (type 2) to measure the bending radius. The testing configuration is shown in Fig. 9 . So, the moth-eye-like AR surface can be adopted in flexible and curved displays. Generally, the hardness of the hard-coating film can be adjusted by varying the concentrations of liquid rubber and acrylate. A higher acrylate concentration would lead to improved hardness but compromised flexibility. Hence, the tradeoff between hardness and flexibility should be balanced.
The touch panel surfaces are usually stained with fingerprints, skin oil, sweat, dust, and cosmetics. Such issues can be solved by using protective coating materials which possess hydrophobic and oleophobic properties [31, 32] . The self-cleaning feature can protect touch panel surfaces from dust and fingerprints, which is quite favorable for touch panels. In order to improve the surface self-cleaning characteristic, we coated the nanostructured surface with amphiphilic fluoroalkyl-based molecules. The water contact angle is one of the criteria of the anti-fingerprint property [32] . Figure 10 illustrates the measurement of the water contact angle on the planar hard-coating and nanostructured hard-coating surfaces with an amphiphilic molecule coating. The water contact angle measurement was performed with the static sessile drop method. With the help of the nanostructure and the amphiphilic molecule coating, over a 100°contact angle can be achieved, Research Article which means a good self-cleaning performance for such a nanostructure.
CONCLUSION
In summary, we have fabricated a broadband AR surface with a moth-eye-like structure for sunlight readable flexible display applications. The proposed nanostructure offers excellent optical properties, such as low luminous reflectance (∼0.23%), high transmittance (>95%), and low haze (<1%). We also conducted a theoretical analysis by developing a numerical model based on the FEM. Excellent agreement between the simulation and experiment is obtained. The proposed nanostructure AR also exhibits high hardness, great flexibility, and self-cleaning characteristics. Such a moth-eye-like structure is expected to find widespread applications for sunlight readable flexible and curved display devices.
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